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SUMMARY 


The two objectives of this study contract were: 

1. Inspect the two government-owned rotating gravity 
gradiometers and determine the feasibility and cost of 
returning them to operating condition in a laboratory 
environment. 

2. Determine the feasibility of applying "electronic 
cooling" to the existing and future rotating gravity 
gradiometers. 

The two Rotating Gravity Gradiometer (RGG) sensors, along 
with all the external electronics needed to operate them, and 
the fixtures and special test equipment needed to fill and 
align the bearings, were transferred to this contract, 
assembled in our laboratory, and inspected. Physically, the 
equipment is complete and looks in operational condition. It 
was not possible to operate the system, however, since the 
punched paper tapes used to load the program into the computer 
were lost. New tapes can be prepared from a printed listing, 
but this amount of effort was not within the scope of the 
contract. Our conclusion concerning Task 1 is that it is 
definitely feasible to return the RGG sensors to operating 
condition in the laboratory. The estimated time is nine 
months and the estimated ct.st is $200,000. 

In previous experimental studies, we had demonstrated 
that the thermal noise threshold of the RGG could be lowered 
by replacing a damping resistor in tie first stage electronics 
by an active artificial resistor that generates less random 
voltage noise per unit bandwidth than the Johnson noise from 
the resistor it replaces. The artificial resistor circuit 
consists of an operational amplifier, three resistors, and a 
small DC-to-DC floating power supply. These are small enough 
to be retrofitted to the present circuit boards inside the RGG 
rotor in place of the present 3 Megohm resistor. Using the 
artificial resistor we expect that the thermal noise of the 
present RGG- 2 sensor can be lowered from 0.3 Eotvos to 
0.15 Eotvos for a 10 sec integration time. In future models 
of the RGG, we would design the mechanical structure to have 
less mechanical damping than the present sensors and arrange 
to have the "electronic cooling" applied directly to the 
sensor through the piezoelectric pickoff transducers. This 
should produce a thermal noise level of 0.03 Eotvos for a 
10 second integration time. 
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BACKGROUND 


Introduction 

One of the more important measurements that can be made 
of a body is a determination of the variations in its 
gravitational field, for gravity is one of the few 
measu> aments that give us information about the interior of 
the body. A detailed orbital gravity map, combined with 
magnetic maps and conductivity information, can determine the 
true bulk composition and structure of the body that lies 
under the bombarded surface layers contaminated with the 
debris of impacting meteorites. Gravity data will not only 
contribute to our scientific understanding of the origins of 
the body and its subsequent evolution, but can also be of 
important engineering value as we start to utilize the 
resources potentially available on the moon. Mars, and the 
asteroids. 

In the past, the preferred technique for measuring the 
gravitational field of a body from an orbiter was to measure 
the Doppler variations in the tracking frequency caused by 
velocity variations of the spacecraft as it passed over 
mountains, craters, and regions of varying density. This 
gravity measuring technique had the advantage that it was 
"free", in that the tracking transponder had to be on the. 
spacecraft for communication purposes anyway. This technique 
has produced good quality maps of Mars and Venus, and some 
good-to-excellent maps of the front side of the moon. 

As we look at future missions, however, we begin to see 
that the Doppler tracking technique might not be adequate. 

For example, to obtain gravity data of the backside of the 
moon using Doppler tracking, it is necessary to include a 
relay satellite in the mission plans to provide a means to 
track the polar orbiter when it is over the backside. In a 
recent ESA study of a Polar Orbiting Lunar Observatory (POLO) , 
the relay spacecraft weighed 1S4 kg and cost $56 million. 

Thus, for a lunar mission, instead of being "free", the 
Doppler gravity experiment has the highest mass and cost of 
all the experiments on the mission. 

In addition, since the relay satellite would be in a high 
orbit and the polar orbiter in a low orbit, the orbit 
configurations would be such that only 60% of the far side 
passes would be tracked by the relay. There is no "storage" 
of data possible in the Doppler technique. Thus to obtain a 
complete map of both the near and far sides would require 
months cf dedicated ground station tracking time rig idly 
scheduled to cover the far-side gaps caused by the occasional 
poor position of the relay satellite. 

We are suggesting that a new instrument, the Rotating 
Gravity Gradiometer (RGG) be developed for future missions. 

At any given altitude or distance it gives better resolution 
th .n Doppler tracking, and since its output is proportional to 
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the density of an object, it gives the same level of signals 
for a small asteroid as a large one. Since it generates 
measurement data internally, like all the other instruments on 
the spacecraft, its data can be stored and dumped along with 
all the rest of the science data, significantly reducing 
tracking and mission monitoring costs. 

A contract report [14] was recently produced by Science 
Applications, Inc. for JPL on the feasibility and desirability 
of using a gravity gradiometer onboard a lunar orbiter. The 
report states: 

"In fact, the impact due to adding the relay satellite to 
the mission is greater than the impact of accommodating a 
gravity gradiometer on the main spacecraft. The gravity 
gradiometer approach offers a lower total cost, less total 
mass to be placed in lunar orbit, and less complex operational 
requirements. " 

The report also evaluates and compares the three 
candidate gravity gradiometers. Table 3-1 from page 9 of that 
report is reproduced here. 

INSTRUMENT SENSITIVITY* 


INSTRUMENT 


DEMONSTRATED PROJECTED 

SENSITIVITY, E SENSITIVITY, E 


Rotating Accelerometer Gravity 1.7 

Gradiometer (Bell Aerospace) 

Spherical Gravity Gradiometer 0.3 

(Draper Laboratory) 

Rotating Gravity Gradiometer 1.0 

(Hughes) 


0.4 


0.3 


0.1 


* Noise with a 10 sec integration time (as given in [13]) 

It is obvious from the conclusions of the SAI report that 
a gravity gradiometer instrument would be desirable for a 
polar orbiter lunar mapping mission and that the rotating 
gravity gradiometer would be the best instrument because of 
its higher projected sensitivity. The present model of the 
RGG has a residual sensitivity to axial vibrations at twice 
spin speed. Although this sensitivity must be designed out 
for earth-based systems operating in moving vehicles, it will 
cause no problems for an orbital gravity mapping system. The 
RGG, however, does need further refinement to move it out of 
the laboratory and bring it to the point where it can be 
proposed as a candidate experiment in response to some future 
flight opportunity. 



Rotating Gravity Gradiometer Ot<.G:t\AL ‘ 

The principle of operation of OF POOR QU.*Li 
the rotating gravity gradiometer is 

shown in Figure 1. [1-4] The sensing -"-'"7 

structure consists of two stiff arms — ' 

with weights on the ends, connoted torsion* 

at right angles to each other Ly a spring 

rugged torsion pivot of high A /\\ 

stiffness. The inertia of the two T ’ / NN\ 

arms and the stiff spring of tht a ] yK 

pivot combine to produce a torsional / 

mechanical resonance at 35 Hz. In — 1 ~~~> 

operation, the sensing structure is 2 

rotated at one-half the vibrational mascon 

resonant frequency (17.5 rps or 
10 50 rpm) . 

As the rotating gravity gradiometer orbits over the Moon, 
mass anomaly M at a distance R causes a cross-component 
gravity gradient of 


M 

MASCON 


The action of the gravity gradient field on the end masses m 
separated by the arm length 1 produces a differential torque 
between the two arms of the sensor given by 



3GMml 2 

4R 3 


sin 2(ojf + 4 >). 


Note that the differential gravity torques are modulated at twice 
the rotation frequency, and thus drive the structure at its 
resonance. The mechanically amplified oscillations are then 
easily converted into electrical signals with high-sensitivity 
piezoelectric strain transducers. Each sensor measurement 
provides two pieces of data. The amplitude is proportional to the 
strength of the gravity gradient signal, and the phase gives the 


(bi) direction to the mascon. 

Sensitivity. The ability of this 
type of instrument to detect small gravity 
gradient differences in a short 
measurement interval was demonstrated over 
a decade ago by Bell et al . [5]. Figure 2 
shows the actual and predicted data 
outputs of a rotating gravity gradiometer 
in a test setup that simulated a 
spacecraft orbiting over a pair of lunar 
mascons. The simulation used real gravity 
fields from small masses roved past the 
sensor at the appropriate orbital angular 
rate. The instrument sensitivity was 
about 1 E (1 E*1 Eotvos»10“* sec" *1 mGal 
sensitivity at 10 km) . Recent advances in 
mechanical vibration detection techniques 
by Forward [6] now promise an order of 
magnitude improvement in sensitivity, or 
an equivalent reduction in size and 
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weight. 
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Resolution. The gravity gradiometer is sensitive to the 
derivatives of the gravity vector. For example, the vertical 
gradient of the vertical gravity of a point mass N at a distance 
R is given by: 


r„ = 2GM/R\ 


Because this is a component of a tensor instead of a vector, the 
change in the amplitude of this component of the gravity gradient 
tensor with horizontal separation x from the point mass is given 
by: 


r„(x) = 


2GM 


(z 2 + x‘) x 


3 

1 ~ T 


2 (z 2 + x 2 ) 


This variation of gravity gradient 
with horizontal distance x is 
different from the variation of the 
gravity vector w* s horizontal 
distance, which given by 


g,(x) = 


GM 


(Z 2 + X 2 ) (z 2 + X 2 ) 


2\l/2 * 



These two equations are illustrated 
graphically in Figure 3, which shows 
that the resolution of a vertical 
gravity gradient measuring technique 
is significantly better than the 
Doppler velocity method for a given 
altitude. 

Spacecraft Operation Despite some previous misconceptions, 
gravity gradiometers can re placed anywhere on a spacecraft, will 
operate satisfactorily at most spacecraft attitude rates presently 
planned, and will have only minor spacecraft interface problems. 
Data taken from a study we did for JPL to define a gravity 
gradiometer system for the Lunar Polar Orbiter (31 is shown in the 
following table. 


LPO Rotating Gravity Gradiometer Parameters 


Weight: RGG: 16 kq each 

Electronics: 3 kg each 

Volume: RGG: 39 cm long by 22 cm dia * 11,400 cc 

Electronics: 37 by 15 by 8 cm * 4440 cc 

Power: 18 W plus 2 to 10 W of heater power 

thermal: Will operate within specification 0 C to 55 C. 

Will survive without degradation -20 C to 75 C. 
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Mapping of the Moon 

Our present knowledge of the gravity of the Moon consists of 
significant amounts of Doppler tracking data from several 
lunar-orbiting spacecraft, one short surface gravity traverse, and 
some indirect data from lunar laser ranging experiments. The best 
complete map of the lunar gravity field is that of sixteenth 
degree and order derived by Bills and Perrari (7] using a 
combination of Apollo tracking data, a high resolution surface 
mass model, and low-degree harmonic constraints. This model 
produces good agreement with known surface features and those 
areas of high resolution data obtained by Sjogren [8] , but suffers 
from low resolution. The basic problem in obtaining a global 
gravity map of higher resolution is the lack of good gravity data 
from the lunar far side because the present Doppler tracking 
techniques are limited to line of sight from earth. 

In planning future orbital surveys of the Moon, we should 
consider measuring the gravity field with gravity gradiometers on 
board the spacecraft. The gravity data from the instrument would 
be stored as it was gathered and dumped down periodically with the 
rest of the science data. The superior resolution of the 
gradiometer technique is demonstrated in Figure 4, taken from 
Forward [9, 10], where some very low altitude Apollo 16 data from 
Sjogren, et al. [8] was used to create a subsurface mass model 
that could generate simulated maps of the responses of any gravity 
measuring technique. The top plot in Figure 4 is a contour map of 
the gravity field derived from the Doppler data, while the bottom 
plot is a contour map of the vertical gradient of the vertical 
gravity. As can be seen, the gravity gradient contours can be 
read just as easily as the gravity contours, and they obviously 
have more detailed structure. This is best seen in the region on 
the right center of the plots, where the gravity gradient 
technique resolves the closely spaced collection of gravity 
anomalies better than the gravity derived from Doppler tracking 
data. By using a gravity gradiometer we will obtain such high 
resolution maps over the whole moon, not just in a narrow belt on 
the nearside. 
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Gravity Mapping of Astero i d and Comet* 

Because the gradiome..er works as well with small bodies as 
large ones, it is the preferred technique for gravitational 
mapping of asteroids and comets. 

To obtain a mass distribution 
map of a small body, it would be 
desirable to put the spacecraft in 
a close orbit about the body. The 
type of data that can be obtained 
this way was modeled by Forward 
(11), who compared data from both 
Doppler tracking systems and 
gravity gradiometers for a 
spacecraft in orbit about a 
simulated asteroid. Figure 5 shows 
the mass model of a hypothetical 
asteroid that was used in the 
computer simulations. The asteroid 
is 100 km in radius and has an 
average density of 3.5 g/cc. 

Embedded in this asteroid are spherical 
mass anomaly regions with radii of 1, 3, 
10, and 30 km and a density difference 
of +0.5 g/cc. If the orbiting vehicle 
is 3 km above the surface, then the 
output of the Doppler tracking system 
and the gravity gradiometer system 
during the passage over the anomalies is 
as shown in Figure 6. If we assume that 
the sensitivity of the Doppler tracking 
system is 1 mm/sec and the gravity 
gradiometer system is 1 Eotvos, then as 
can be seen in the figure, the two 
techniques are equally good on the large 
mass anomalies, such as the 30 km 
inclusion, but the gradiometer technique 
provides higher signal level and better 
resolution on the smaller anomalies. 

The major advantage of the 
gradiometer technique over the Doppler 
technique is shown in Figure 7 where we 
have assumed a decrease in scale of the 
simulation by a factor of 10. Instead of 
a spacecraft in an orbit 3 km above a 
100 km asteroid with l to 30 km sized 
anomalies, we have simulated a spacecraft 
in an orbit 300 meters above a 10 km 
asteroid with 100 to 3000 m sized 
anomalies. The orbital period has not 
changed, oecause the asteroid density is 
assumed to be the same, so the time 
required for each measurement point is 
the same. The gravity grat ent signal 
has the same magnitude and L ssolution for 
the 10 km asteroid as it did for the 
100 km asteroid, but the Doppler velocity 
signal has decreased by an order of 
magnit ide. 
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INS SECTION AND EVALUATION OF RGG INSTRUMENTS 


At the start of this contract it was assumed that only 
the RGG sensor heads were in government storage. The two 
sensors, RGG-1S and RGG-2, were residual inventory from a 
series of Air Force and Navy contracts for the development of 
a gravity gradiometer usable in a moving vehicle on the 
surface of the earth. The RGG sensors contain all the 
critical mechanical subsystems as well as some internal signal 
pre-processing and engineering electronics. To operate these 
sensors, however, requires a relay rack of electronics 
containing a mini-computer, various power supplies and 
monitoring instruments, and some specialized signal processing 
circuits. It was thought that the two sets of external 
electronics had been sold or given away as surplus, leaving 
only the two RGG sensors. 

In May 1981, the two gradiometers were transferred from 
the Air Force and Navy to this contract and delivered to our 
laboratory. Cursory inspection showed that the older RGG-1S 
is missing its cables and the cover to the photodiode pickoff. 
Replacing the missing cables and cover would be a minor 
problem. The newer RGG-2 was complete with its magnetic 
shield and all of its cables. In June 1981, an estimate was 
made of what it would cost to restore one of the gradiometers, 
the lewer RGG-2, to operating condition. The estimated cost 
was $680,000 including a subcontract of $448,000 to reproduce 
the external electronics. 

On 25 August 1981, the principal investigator was 
contacted by Prof. D. Anderson of the University of 
Washington, who inquired about the condition of a Prime 200 
computer on a government surplus list. Acting on this 
information a trip was made on 1 September 1981 to a local 
government surplus storage facility. In the facility were 
found the two sets of electronic equipment needed to make both 
RGG sensors operational, plus additional specialized 
mechanical and electronic units used in calibration of the 
sensors and for filling and adjusting the sensor bearings. 

Because part of the surplus equipment was Air Force 
property and part was Navy property administered by Sperry 
Systems Management, it took a number of months before the 
external electronics and the miscellaneous equipment could be 
transferred to this contract. The equipment was finally 
physically delivered to our laboratories on 31 January 1982. 

A list of all the equipment transferred to this contract is 
given in Appendix A. As a result of this "find", the 
estimated cost of restoring one of the gradiometers to 
operating condition was reduced to $200,000. The time needed 
was estimated to be nine months. 

Physically, the equipment is complete and looks in 
operational condition. It was not possible to operate the 
system, however, since the punched paper tapes used to load 
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the program into the computer were lost. One tape contained 
the "boot" routine, one contained the operating system for the 
Prime 200 computer, and the third contained the program needed 
to run the RGG senior. The program is mostly in Fortran, with 
some time-critical sections written in assembly language. The 
"boot" and a Prime 200 compatible operating system with a 
Fortran compiler can be obtained from many sources, including 
the manufacturer of the Prime computer and some Prire 200 
users inside Hughes. A printout of the Fortran an assembly 
language program needed to run the RGG is printed as 
\ppendix G in Volume 4 of the final report of our previous 
Navy contract [4] . This program can be retyped into a 
computer and a new paper tape made, but this amount of effort 
was not within the scope of this contract. 
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FEASIBILITY OF APPLYING ELECTRONIC COOLING 


In previously published experimental studies of 
electronic cooling of resonant gravity gradiometers [6] , we 
had demonstrated that the thermal noise threshold of an RGG 
sensor could be lowered by replacing the damping resistor in 
the first stage electronics by an artificial resistor. 

The present RGG sensor structure, by itself, has an 
initial mechanical Q of about 1500. Since the resonant 
frequency of the structure is 35 Hz, this results in a 1/e 
decay time of 14 sec. This high Q is brought down to a value 
of 300 by means of an electrical damping resistor of 3 Megohms 
placed across the two piezoelectric pickoff transducers 
operated in series. The resultant decay time of about 2.7 sec 
gives a reasonable sensor response time to rapidly changing 
signals. Since the addition of the 3 Megohm resistor causes a 
factor of five decrease in the mechanical Q, that means that 
the 3 Megohm resistor contributes 80% of the damping and 
thermal noise, while the mechanical losses, with an effective 
damping impedance of 0.6 Megohms, contribute 20%. 

To carry out the experimental demonstration of electronic 
cooling, we had to lower the Q of the RGG structure to a Q of 
7 in order to widen the St isor bandwidth to 5 Hz. This was 
necessary since the sensor bandwidth had to be larger than the 
1 Hz band /idth of our spectrum analyzer. We had to use a 
damping resistor of 110 Megohms to achieve this level of 
damping, and had to construct a 110 Megohm artificial resistor 
to demonstrate the electronic cooling. Using this 110 Megohm 
artificial resistor, we demonst ated an improvement of 8.3 dB 
in signal-to-noise power ratio over the signal-to-noise 
obtained with the standard passive dissipative 110 Megohm 
resistor. The effective noise temperature of the 
"electronically cooled" sensor in this experiment was 44 K. 
This decrease of effective noise temperature is equivalent to 
c reduction of the sensor noise by a factor of 6.8 in power or 
2.6 in amplitude. Thus the thermal noise in the RGG structure 
used in this test was reduced from 0.3 Eotvos to 0.’2 Eotvos 
for a 10 sec integration time. Since the 110 Megohm 
electrical damping was much larger than the 0.6 Megohms of 
mechanical damping, nearly all of the noise seen in both 
signal-to-noise measurements came from the passive or active 
electrical resistors, not the mechanical damping. 

Artificial resistors with such high values of equivalent 
resistance are hard to construct while maintaining low 
effective temperatures. Based on this experimental data at 
110 Megohms, we expect that if we construct an artificial 
resistor with ar effective resistance of only 3 Megohms, and 
use some of the newer operational amplifiers such as the OP-27 
that has ten times less voltage noise than the LM-308 
operational amplifiers that we used, then we can expect to 
obtain a 3 Megohm artificial resistor with an effective 
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temperature of less than 20 K. This artificial resistor will 
contribute 80% of the noise or 16 K, while the mechanical 
damping of the room temperature structure will contribute 20% 
of its 300 K noise or 60 K, producing an effective sensor 
temperature of 76 K. This factor of 4 improvement in noise 
power or a factor of 2 in noise amplitude will reduce the 
thermal noise contribution of the existing RGG-2 sensor 
structure from 0.3 Eotvos to 0.15 Eotvos for a 10 sec 
integration time. 

The cold electronic circuit that we would use will not be 
the ones used in the electronic cooling paper [6] , since these 
involved using one transducer as a pickoff and the other 
transducer for feedback. 

We would not want to change the 
present wiring of the transducers, 
which have the transducers wired in 
series with a 3 Megohm resistor 
across the terminals. Instead, we 
will use an artificial resistor 
circuit described in our recent 
patent [12] that con sists of an 
operational amplifie , three 
resistors, and a floating power 
supply. (See Figure 9.) 

DC-to-DC converters to make a floating power supply now exist 
as a single module the size of a typical integrated circuit, 
thus the four components to make the artificial resistor are 
small enough to be put on the present circuit boards inside 
the RGG rotor in place of the present 3 Megohm resistor. 

In future models of 
the RGG, we would design 
the mechanical structure to 
have less mechanical 
damping than the present 
sensors (a G of 100,000) 
and ha^e a different 
piezoelectric transducer 
arrangement. As shown • 
Figure 10, the electron, 
damping would be applied 
between a pickoff 
transducer and a feedback 
transducer . 

In Section V of the electronic cooling paper [6] , we calculate 
that if we design a 320:1 ratio of feedback coupling to 
pickoff coupling and a 1000:1 ratio of electrical damping to 
mechanical damping (lowering *-he Q from 100,000 to 100), then 
the equivalent temperature for the combined system is 
predicted to be 3 K. This factor of 100 in noise power and 10 
in noise amplitude will produce a RGG sensor with a thermal 
noise contribution of 0.03 Eotvos for a 10 sec integration 
time. 
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FUTURE INSTRUMENT DEVELOPMENT PROGRAM 


To produce a gradiometer suitable for a lunar mission, we 
propose starting from the existing hardware, and build on that 
experience as we prove that the present design will satisfy 
the mission requirements for the moon. For the first phase of 
the program, we would reprogram the computer, check out the 
external electronics, and determine the condition of the 
existing RGG-?, sensor head. This part of the program is 
estimated to cost $200,000 and take nine months. 

At the completion of 
this program we expect to 
show that the sensor has 
survived the storage period 
without degradation in 
performance. It should 
show a short term noise 
level of 1 Eotvos or less 
when it is sitting on a 
quiet pier with its spin 
axis vertical, and should 
have a long term drift of 
less chan 5 Eotvos per hour 
drift using its built-in > 

temperature controller. ^ F ' S t 

Figure 11 illustrates the J 

performance of the RGG- 2 
before it went into 
storage . 

If the P.GG-2 does not show this quality of performance, 
then it will be necessary to carry out a diagnostic effort to 
determine the cause. We will then propose a short program to 
repair the probler and return the instrument to its original 
level of performance. 

We expect that VC- 2 will operate satisfactorily and we 
will then want to pr eed to the next phase, that of producing 
a flig v t prototype based on the f 'esent design. There might 
be some concern, however, tha : * ..though the design is suitable 
for operation on earth, it would not perform as well in space. 
From the design, one would expect that free-fall would improve 
the performance, since the sensor and bearings would not be 
subjected to the one-gee force of the earth's gravity. But if 
it is desired to check out the instrument in free-fall, then 
the e\ is ting RGG-2 sensor is probably adequate for these 
tests. The RGG-2 mechanical portions can take a 50 gee load, 
so the instrument would have no trouble surviving a launch. 

The external electronics, however, would have to be repackaged 
for spac-: operation. 

If it is desired by NASA that there be a checkout in free 
fall, then the next phase of the program wouM be to simplify 
the external electronics design by eliminating the diagnostic 


o ‘ 0 85 E -- 



RESPONSE TO 35 KO NiASS 
i * 13 SECONDS 

I- MSEC 


i <r - 0.60 E 


ok.c;: 

OF FJU.: . 


13 



features and making the system autonomous in operation. The 
new space-qualified electronics and the existing sensor can 
then be checked out in free fall in a vertical rocket test or 
in a "Get-Awav Special" canister on the Shuttle. This portion 
of the program would probably cost $1 million and take another 
12 to 18 months, depending upon launch availability. It 
should be recognised that we do n< t recommend this phase, but 
it is one that would eliminate one last area of risk. We 
recommend instead that we proceed directly to the design and 
verification of a flight prototype. 

The present design for the RGG is six years old, and the 
design was optimized for the airborne earth survey 
application. The sensor is heavy and uses lots oc' power. For 
the next phase we recommend that the entire present design, 
including the mechanical portions and the internal 
electronics, be reexamined in light of the potential NASA 
orbital uses. A redesign should reduce the weight, size and 
power by significant factors, while maintaining the present 
design features and possibly oven improving the threshold 
sensitivity. in order to verify the redesign, we would want 
to follow the procedures that are used to verify the design of 
any new inertial instrument. We must build three to five 
models of the flight prototype design and then compare their 
performance. One model, is not enouqh. If a single model of 
an instrument works, we do not know whether the redesign was 
good and every t 5 me wo build one we will get similar 
performance, or whether we were lucky with that one and none 
of the flight models built using the same prints will work. 

If the single model does not work, we will not know whether it 
was a flaw in the design or an unfortunate mistake in the 
fabr icat ion . 

With three . ight prototypes, we can run detailed 
comparison tests of their relative performances under various 
environments of noise, magnetism, and a. c*.leration, and can 
put real limits on their sensitivity. We can also be running 
life and environmental tests on one or two models while the 
other is undergoing any modi f icat ions that are felt suitable. 
This phase is expected to take two years and cost $2-3 million 
dollars. At the end of it, we would have a fitm design for a 
flight model that could be pi oposed for some specific mission. 

The next phase would depend upon the mission. For a 
lunar orbit 'r mission, a good gravity map could be obtained 
with one RGG or iented in the proper direction. The data from 
one sensor might be hard to analyze, however, so most people 
have r ecommended at least two RGG sensor s for the lunar 
mapping mission. One sensor would be oriented to measure the 
gravit* gradients along the orbital track, and another to 
measure the gravity gradients across- track . The across-track 
data will tie the data from different orbits together, 
improving the accuracy of the data reduction. The ideal 
sensor system would be three RGG sensors in an orthogonal 
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array. These would measure the total gravity gradient tensor 
and allow the separate determination of spacecraft angular 
rates. This would give not only a complete gravity map for 
geophysical use, but also an extremely accurate reconstruction 
of the spacecraft orbit, which will help in the reduction of 
the data from all the other sensors onboard the spacecraft. 

The cost of flight models and spares will depend greatly on 
the mission, the spacecraft constraints, and the design that 
was produced in the flight prototype phase. Prom 
extrapolations of previous experience, it is expected that the 
flight instrument sensor heads will cost $500,000 each plus 
$2-3 million for the electronics and system integration, with 
three instruments being almost as easy to integrate as one. 
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APPENDIX A 


LIST OF EQUIPMENT 

The following items of hardware were assigned to this 
contract: 

ID Number Quant. Identification 

G-123553 1 Rotating Gravity Gradiometer RGG-2, HRL 

G-123554 1 Rotating Gravity Gradiometer RGG-1S, HRL 

G-123504 1 Comi ter. Prime 200, with four boards 

Type Model SN Slot 

Memory (large) 1216-B85 684 17 

CPU 2223-360 1755 15 

GP Interface 7010 106 13 

TTY I/O 3001 936 11 

G-123502 1 Power Supply, HP 6438B 

G-123503 1 Power Amplifier, Crown DC300A 

G-123505 1 Oscilloscope, Tektronix SG502 

G-123506 1 Instrument Main Frame, Tektronix RTM-506 

G-123509 1 Digital Multimeter, Tektronix DM501 

G-123515 1 AC Line Conditioner, Elgar 6000B 

G-123516 1 Relay Rack, Emcor IE-203 

G-123518 1 Computer I/O Buffer, HRL 

G-123519 1 Speed Controller, HRL 

G-123521 1 Signal Conditioner, HRL 

G-123524 1 Temperature Controller, HRL 

G-123542 1 Power Supply, HRL 


Computer, Prime 

200, with 

five 

boards 

Type 

Model 

SN 

-lot 

Memory (small) 

271 

270 

10 

Memory (small) 

271 

055 

9 

CPU 

2222-250 

1055 

8 

GP Interface 

7000 

294 

6 

TTY I/O 

3003 

203 

4 


G-123517 1 Temperature Controller, HRL 

G-123538 1 Power Panel Prime 240 

G-123540 1 Punch Tape Reader, Remex 107SBCI/660 

G-123541 1 Power Supply, HRL 

G-123545 1 Motor Power Unit, HRL 

G-123546 1 Signal Conditioner, HRL 

G-123547 1 RF Power Supply, HRL 

G-123548 1 Computer Buffer I/O, HRL 

G-1235^0 1 Accelerometer Switch Panel, HRL 

G-123544 1 Motor Drive, HRL 

G-123551 1 Vibration Control Panel, HRL 

G-123552 1 Computer Power Supply, AmPower PC-3 

G-123543 1 Heater Power Supply, HRL 

G-123549 1 Signal Conditioner, HRL 

G-123570 1 Bearing Fill Fixture, Tri Precision 
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G-119195 1 
G-119200 1 
G-119190 1 
G-119156 1 
G-119191 1 
G-123539 1 
G-123569 1 


X2909-99 2 
X2909-98 1 
X2909-97 12 
740587 1 
740586 1 
740549 1 
740593 1 


Micrometer, Mitutoya 519-124 
Micrometer, Mitutoya 519-124 
Vacuum Pump, Welch 1400B-01 
Proximeter, Bently Nevada SN 71759 
Proximeter, Bently Nevada SN 88683 
Teletypewriter, Teletype 3320-5JE 
Differential Accelerometer Bar containing 
Accelerometer, Bell VI IB SN469H6 
Accelerometer, Bell VIIB SN408E6 
Alignment Dowel 
Holder 

Alignment Pin 

Sensor Mounting Adapter 

Sensor Mounting Plate 

Differential Accelerometer Mounting Bracket 
Dynamic Balance 
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